The goal of this study was to quantitatively assess the changes in the cerebral neurochemical profile and to identify those factors that contribute to the alteration of endogenous biomolecules when rats are subjected to stress-induced sleep disturbance. We exposed SpragueDawley rats (controls: n = 9; stress-induced sleep perturbation rats: n = 11) to a psychological stressor (cage exchange method) to achieve stress-induced sleep perturbation. In vivo magnetic resonance imaging assessments were carried out using a high-resolution 9.4 T system. For in vivo neurochemical analysis, a single voxel was localized in the right dorsal hippocampal region, and in vivo spectra were quantified for 17 cerebral neurochemical signals. Rats were sacrificed upon completion of the magnetic resonance spectroscopy protocol, and whole-brain tissue was harvested from twenty subjects. The dopamine and serotonin signals were obtained by performing in vitro liquid chromatography-tandem mass spectrometry on the harvested tissue. In the right dorsal hippocampal region, the gamma-aminobutyric-acid (GABA) and glutamine (Gln) concentrations were significantly higher in the sleep-perturbed rats than in the sham controls. The ratios of Gln/Glu (glutamate), Gln/tCr (total-creatine), and GABA/Glu were also significantly higher in the sleep-perturbed group, while serotonin concentrations were significantly lower in the sleep-perturbed rats. Pearson correlation results among individual rat data indicate that concentrations of dopamine (DA) and serotonin (5-HT) were significantly higher in SSP rats. A larger correlation coefficient was also observed for the SSP rats. Analysis of the correlation between the in vivo and in vitro signals indicated that the concentrations of Gln, 5-HT, and DA exhibited a significant negative correlation in the SSP rat data but not in that of control rats. The authors propose that the altered and correlated GABA, Gln, 5-HT, and DA concentrations/ratios could be considered key markers of neurological function in animal models of stress-induced sleep perturbation.
Introduction
A stressful event can significantly influence sleep-wake behavior in all animals [1, 2] . Stressinduced sleep perturbation (SSP) is a primary component of many pathophysiological conditions (i.e., those that cannot be attributed to psychiatric or medical disorders, substance abuse, or pain-related conditions), including post-traumatic stress disorder (PTSD) [2, 3] . A secondary (comorbid) form can be observed in a wide variety of neurological, psychiatric, or medical conditions [3] [4] [5] , such as insomnia [6] .
Brady and Sinha reported that excessive exposure to stress is associated with alterations in the neurobiology of the brain and may lead to an increased risk of various psychiatric illnesses in humans, including PTSD [7] . Insomnia in PTSD is associated with an impairment of prolonged sleep, difficulties in continuing/maintaining sleep, reduced alertness, fatigue, and other symptoms [8, 9] . The presence of an acute stressor can result in immediate disturbances such as increased wakefulness and inappropriate physiological arousal [1, 2, 4] . In addition, previous studies have suggested that sleep perturbation and loss of sleep cause significant, abnormal secretion of endogenous biomolecules [1, 4, 10] . Therefore, the present study will quantitatively assess the differences in neurochemical changes associated with sleep disturbance between sham controls and stress-induced models.
To date, numerous studies have shown that stress-induced rats exhibit significant metabolite abnormalities, functional impairments, and biological changes in both cortical and limbic regions, with particularly evident alterations in the prefrontal cortex [11, 12] . Moreover, the hippocampus has been extensively investigated not only with regard to stress-related disorders, but also to cognitive, hormonal, and neurochemical actions [13, 14] . Previous studies have suggested that acute and repeated exposure to stress results in increased expression of c-Fos mRNA, a marker of altered neuronal activity in the parvicellular subdivisions of the paraventricular hypothalamic nucleus (PVH) [2] , as well as in the regions of the cortex, hippocampus, hypothalamus, septum, amygdala, and brainstem [2, 15] . In particular, Melia et al. observed that c-Fos levels showed the greatest increases in the hippocampal region when compared to other regions, possibly due to changes in circulating levels of corticosterone [15] . The results of the aforementioned studies indicate that the hippocampus can be considered one of the most important areas with regard to neuronal activities associated with the stress response.
In vivo proton magnetic resonance spectroscopy ( 1 H MRS) is a powerful and unique method that has enabled researchers to noninvasively quantify the cerebral neurochemical markers and neurotransmitters involved in neuro-molecular processes [16] [17] [18] . The utility of localized in vivo 1 H MRS has been demonstrated in various studies of the brain and its disorders [19] . Cerebral neurochemical compounds contribute to the signal intensities and shapes of the various peaks on the in vivo 1 H MR spectra [20] and can provide insight into which biomolecular compounds are implicated in neurological disorders [20] . Therefore, in order to obtain further knowledge of the biochemical compounds involved in SSP, analysis was performed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). LC-MS/MS is a useful tool for assessing the in vitro status of metabolites and endogenous biomolecules from tissue, urine, blood, serum, and plasma [21] . LC-MS/MS also provides increased-resolution and signal-to-noise ratio (SNR), giving researchers the potential to identify the mechanisms relevant to selective brain pathologies [22] . In addition, the greater specificity, selectivity, and sensitivity of LC-MS/MS when compared with other methods of biochemical analysis has been studied and documented by researchers in various bioanalytical fields [23] .
To the best of our knowledge, there have been no published reports regarding the cerebral metabolites and endogenous biomolecules implicated in stress-induced sleep perturbation in either human patients or rat models. Therefore, the goals of our study were to quantitatively assess (using in vivo 1 H MRS and in vitro LC-MS/MS) the differences in these cerebral metabolites and to identify the factors that contribute to the alteration of endogenous biomolecules when rats undergo stress-induced sleep disturbance. We hypothesized that neurotransmitter signals would undergo alteration in the hippocampal region due to the neuronal dysfunctions and neurochemical abnormalities observed in sleep-deprived rats. We also hypothesized that the serotonin (5-HT: 5-hydroxytryptamine) and dopamine (DA) concentrations would differ between the hippocampal regions of the two groups because of the abnormal secretion of such endogenous molecules observed in sleep-deprived rats. In order to test these hypotheses, we compared the cerebral neurochemical responses and alterations of endogenous molecules in the stress-induced state between the sham control and sleep-deprived rats using in vivo 1 H MRS and in vitro LC-MS/MS techniques.
Materials and Methods

Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the University of Ulsan Animal Care and Use Committee (Permit Number: 2014-01-071). The stress induced sleep disturbance modeling was not fatal and in vivo MRI/MRS required mild anesthesia. The vitality of animals were checked before/after stress induced sleep disturbance modeling and the bio-signals (respiratory/heart rate) were monitored during in vivo MRI/MRS scan. Thus, no one was severely ill or died prior to our experimental endpoint. And all animals of our study have not received any other pains/stresses.
Animals
Male Sprague-Dawley rats (eight weeks old, n = 20; weight = 270-315 g; Orient Bio, Pyeongtaek, Republic of Korea) were divided into two groups (sham-control group [CNTL]: n = 9; stress-induced, sleep-perturbation group [SSP]: n = 11). All animals were individually housed in standard plastic cages and maintained on a 12-h light-dark cycle (lights on at 08:00 A.M.) at an ambient temperature of 24.0-25.0°C, with ad libitum access to food and water.
Stress-induced sleep perturbation (SSP)
Though previous studies utilizing sleep perturbation protocols have been published, the preset study focuses on the neurochemical profile observed during exposure of the SSP rat model to a psychological stressor [2] . Prior to initiating the experimental protocol, all rats were allowed free access to food and water for one week. Eleven SSP rats were placed in individual cages for one week without cage cleaning and were then placed into a dirty cage previously occupied by another male rat for one week (cage exchange). All SSP rats were left undisturbed in the previously occupied cage (dirty cage) until the start of the 1 H MR spectra acquisition (5.5 hours after cage exchange). This time interval was chosen to reflect the previously established interval determined by Cano et al [2] . The study reported sleep fragmentation and gradually decreasing amounts of sleep beginning approximately 4 h after dirty cage exchange, while 1.5 h is the determined minimum time required for detection of neuronal activation (Fos expression) associated with a specific psychological stressor [2] . Nine CNTL rats were exchanged into a different set of clean cages at the same time (cage exchange at 11:00 A.M.) in order to synchronize the ultradian cycles between the two groups.
In vivo
1 H MRS at 9.4 T Designs of the in vivo 1 H MRS studies have previously been described [24] . All in vivo MR assessments were carried out using a horizontal 9.4 T/160 mm scanner (Agilent Technologies, Palo Alto, CA, USA), with 400 mT/m gradient sets. Prior to data acquisition, all rats were anesthetized using an isoflurane inhalation chamber at concentrations of 1.5-3.0%, and with a 5:5 mixture of N 2 O and O 2 gas. The concentrations of the isoflurane anesthetic were maintained at 1-2% during MR data acquisition. All anesthetized rats were placed in the prone position with the head firmly fixed on a palate holder equipped with an adjustable nosecone and ear bars. All MR imaging and spectroscopy data were acquired using a 38 mm, 4-channel, quadrature, phased-array coil (for receipt), and a 72 mm volume coil (for transmitting). The animals breathed freely and maintained their body temperature during all MR assessments. Changes in respiratory rate were monitored in order to adjust the concentration of the anesthetic.
For volume of interest (VOI) localization and identification of anatomical regions, multislice, T2-weighted MR images were acquired using a fast spin echo (FSE) pulse sequence ( Fig 1A and 1B) , as indicated by the following coordinates: ± 1.0 mm at + 2.0 right of midline; ± 1.0-1.5 mm dorsal and ventral at interaural 7 mm; and ± 1.5 mm anterior and posterior at-1.0 mm bregma. We carefully chose and adjusted the VOI position and size so as to minimize the inclusion of other anatomical regions and to avoid intracranial lipid contamination. Water suppressed in vivo 1 H MRS spectra were acquired using a point-resolved spectroscopy (PRESS) pulse sequence with variable power and optimized relaxation delays (VAPOR) method (TR = 5000 ms, TE1/TE2/TE total = 7.46/6.01/13.47 ms, spectral width = 5.0 kHz, average = 384, number of data points = 2048, and total scan time = 32 min 10 sec). Unsuppressed water spectra were acquired using the same parameters as those utilized to obtain water-suppressed spectra (except for averages and total scan time).
Quantification of in vivo
H MRS
Raw data acquired in vivo were analyzed using a fully blind spectral process, using Linear Combination Model software (LCModel, Version 6.2-1L and Copyright: Stephen W. Provencher) with a simulated basis set containing 18 metabolites, as follows: alanine (Ala); aspartate (Asp); creatine (Cr); phosphocreatine (PCr); gamma-aminobutyric acid (GABA); glutamine (Gln); glutamate (Glu); glucose (Glc); glycine (Glyc); glycerophosphocholine (GPC); scyllo-inositol (sI); myo-inositol (mIns); lactate (Lac); N-acetylaspartate (NAA); N-acetylaspartylglutamate (NAAG); phosphocholine (PCh); glutathione (GSH); and taurine (Tau). All signal intensities from the in vivo basis set were processed with water scaling and eddy current correction, and metabolite concentrations were obtained (μmol/g). All metabolites were fitted in the chemical shift range from 4.35 to 0.30 ppm.
In vitro sample preparation
Following the completion of the in vivo 1 H MRS assessment, all rats were sacrificed using greater than 95% carbon dioxide (CO 2 ) gas. CO 2 gas inhalation is a widely used, ethically acceptable method of euthanasia in rats due to rapid loss of consciousness at high concentrations (> 40%) [26] . In addition, intake of CO 2 gas at high concentrations (> 70%) also results in narcotic effects on the brain without causing hypoxia [27, 28] . Twenty, whole-brain tissue samples were quickly and carefully harvested from the removed skulls. Whole-brain tissue was immediately stored in liquid nitrogen (-196°C) in order to prevent biochemical changes and tissue decomposition.
The following compounds were purchased from Sigma-Aldrich or CDN Isotopes: DA hydrochloride; 5-HT hydrochloride; DA-1, 1, 2, 2-d4 hydrochloride; and 5-HT-α, α, β, β-d4 creatinine sulfate. Oasis WAX cartridges were obtained from Waters. All solvents, including water, were purchased from J. T. Baker. TissueLyzer (Qiagen) was used to homogenize 400-500 mg of cerebral hemisphere tissue in 400 μL of methanol. The homogenate was incubated for 15 min at 4°C. After sample incubation, 200 μL of 1 μM DA-1,1,2,2-d4 hydrochloride and 5-HT-α, α, β, β-d4 creatinine sulfate were added. The sample was then centrifuged at 14,000 rpm for 15 min. The supernatant was collected and an equal volume of 1.0% formic acid was added. The sample was mixed thoroughly and was then prepared for solid-phase extraction. A 3cc Oasis WAX cartridge was washed with 1 mL of methanol and conditioned with 0.5% formic acid sequentially. The sample solution was then loaded into the cartridge and incubated for 10 min. The cartridge was then completely dried using a vacuum. Finally, 1 mL of methanol was added for sample elution, and the eluent was dried under a vacuum. The dried sample was stored at-20°C until analysis and reconstituted with 20 μL of 50.0% methanol prior to LC-MS/ MS analysis.
Quantification of in vitro LC-MS/MS
DA and 5-HT were analyzed using LC-MS/MS equipped with 1290 HPLC (Agilent Technologies), Qtrap 5500 (AB SCIEX), and a reverse phase column (Pursuit 5 C18 150 × 2 mm). Three μL of the solution were injected into the LC-MS/MS system and ionized with the turbospray ionization source. Formic acid in H 2 O (0.1%) and formic acid in methanol (0.1%) were used as mobile phases A and B, respectively. The separation gradient was as follows: hold at 10% B for 5 min; 10 to 70% B for 13 min; 70 to 90% B for 0.1 min; hold at 90% B for 8.9 min; 90 to 10% B for 0.1 min; and then hold at 10% B for 2.9 min. LC flow was 200 μL/min, and the column temperature was kept at 23°C. Multiple reaction monitoring (MRM) was used in the positive ion mode, and the extracted ion chromatogram (EIC) corresponding to the specific transition for each analysis was used for quantitation. The specific transitions (Q1/Q3) for DA and its internal standard were 154.1/137.1 and 158.1/141.1, while the specific transitions (Q1/ Q3) for 5-HT and its internal standard were 176.9/160.0 and 181.0/164.0. The calibration range was 0.1-1000 nM with R 2 > 0.98. Data analysis was performed using Analyst 1.5.2
software.
Statistical analysis
All statistical analyses were performed using PASW Statistics 21 (SPSS Inc., IBM Company, Chicago, IL, USA). The present study evaluated the uncertainty of data fitting with regard to spectral analysis and only utilized values with Cramer-Rao lower bounds (CRLBs) exhibiting less than 30% standard deviation. All signal intensities from high-resolution spectra performed in vivo were processed with water scaling for quantification of metabolite concentrations and eddy current correction. Standard error estimates and CRLBs were used to provide estimates of reliability and uncertainty for each metabolite signal [29] . Metabolite concentrations with a CRLB of > 30% were regarded as not detected/validated. The CRLB values have been previously determine and established as reliable estimates for fitting uncertainty (LCModel and LCMgui User's Manual; http://s-provencher.com/pages/lcm-manual.shtml) [30] . An independent t-test was used to compare the concentrations of the cerebral metabolites (17 signals) and endogenous biomolecules (5-HT and DA) in in vivo The present study calculated the statistical power of the sample size using G Ã Power 3.1.9.2 software (http://www.phycho.uni-duesseldorf.de/abteilungen/aap/gpower3/). Initial values were set as follows: two tails, alpha error probabilities = 0.05, power = 0.8, allocation ratio = 1, and highest effect size = 1.003. The effect size was determined by the mean metabolite concentrations and standard deviation between two groups. Analysis using a sample size of 34 rats in two groups of revealed an actual power of 0.81.
Results
In vivo 1 H MR spectra at 9.4 T H MR spectra were analyzed and observed to be within 30% percent of one standard deviation from the mean (% SD; CRLBs) were significantly lower in the SSP rats than in the CNTL rats. However, our study indicated no significant difference in the DA concentration between the two groups.
Neurobiological correlations of individual rat data
In the present study, we determined that neurobiological fluctuations in metabolite and biomolecule concentrations in the SSP rat brain may exhibit significant linear associations. The results of the Pearson correlation indicated that concentrations of DA and 5-HT were significantly correlated among all individual clusters for both CNTL and SSP rats, in the right hippocampal region (Fig 6) . Although linear scatter plots in each group clearly showed an increase in biomolecular concentrations, a higher level of significance (p < 0.001) and a larger correlation coefficient (r = 0.845) were observed for the SSP rats than for the CNTL rats.
To visualize the signal data obtained from metabolites in vivo and endogenous biomolecules in vitro, analysis was performed using linear scatter plots, which revealed a highly significant and reliable correlation (Fig 7A and 7B) . The correlation results for Gln and 5-HT, and for Gln and DA concentrations were significantly negatively correlated in the SSP rat data [Gln vs. 
Discussion
To the best of our knowledge, our study is the first to use in vivo H MRS, we observed that concentrations of GABA and Gln, as well as the ratios of Gln/Glu, Gln/tCr, and GABA/Glu, were significantly higher in the SSP rats than in the CNTL rats. Second, based upon results obtained from in vitro LC-MS/MS, concentrations of 5-HT were significantly lower in the SSP rats than in the CNTL rats. Lastly, we observed a correlation between the concentrations of DA and 5-HT, and in vivo and in vitro data.
Our study was based upon the potential relevance model with specific regard to insomnia, utilizing cage exchange as a sufficiently similar stressor. We hope that this similarity can be considered a starting point for assessing how such stressors affect sleep behavior [2] . 
Stress-induced sleep perturbation modifies selective metabolite signals
Based on our results, GABA concentrations in the SSP rats were 19.4% higher than in the CNTL rats. However, in humans, previous studies have shown that patients suffering from primary insomnia exhibited significantly reduced GABA levels compared to healthy controls [3, [31] [32] [33] . In addition, Morgan et al. suggested that this finding of significantly higher GABA levels in primary insomnia patients may be counterintuitive based on the current understanding of the role of GABA in sleep-wake behavior [34] . Significantly altered endogenous GABA levels may indicate that responses to a single acute stressor are associated with GABA A receptor function [35, 36] . Morgan et al. further suggested that GABA levels would gradually increase due to an allostatic response (neuro-adaptive response) caused by increased activity in the arousal system or inefficient GABA synthesis [34] . Therefore, we suspect that significantly Bar graph illustrating the Gln/Glu, Glu/tCr, Gln/tCr, GABA/Glu, and tNAA/tCr ratios in the right dorsal hippocampal region of control and SSP rats. Results were considered significant when independent t-test revealed *p < 0.05, **p < 0.01. The vertical lines on each of the bars indicate the (+) standard deviation from the mean values of the metabolite concentrations. Gln: glutamine; Glu: glutamate; tCr: total creatine; GABA: gamma-aminobutyric acid; tNAA: total N-acetylaspartate (NAA): SSP: stress-induced sleep perturbation.
doi:10.1371/journal.pone.0153346.g004
In Vivo and In Vitro Neurobiological Assessment of Stress-Induced Sleep Disturbance in Rats elevated levels of GABA may reflect the relationship between GABA A receptors and the time required to produce and regulate the appropriate stress response [34] . When the results of the current study are taken in conjunction with previous findings, the authors conclude that one possible explanation for such significantly higher levels of GABA might be that acute hyperarousal caused by stress-induced sleep perturbation results in an adaptive response that increases the functions of GABA A . Assessments of the influences of stress-induced sleep perturbation on cerebral Gln and/or Glu concentrations are rare and reports are lacking. The present study observed significantly alterations in Gln and several related biomolecular ratios between the SSP rats and the CNTL rats. We found significantly higher Gln concentrations (21.2%) and Gln/tCr ratios (24.1%) following stress-induced sleep perturbation, which may point to alterations in the glutamate-glutamine (Glu-Gln) cycle [37] and reflect further alterations in glutamatergic turnover in the neuron-glia shuttle [37, 38] . In addition, the Gln/Glu ratio was observed to be 33.2% higher in the SSP rats than in the CNTL rats. Glu and Gln are highly localized within glutamatergic neurons and astrocytes, respectively [39] . Glia provides a neuronal pathway for Glu synthesis and reuptake via the Glu-Gln cycle [40] . In particular, Moor et al. suggested that altered Gln metabolism might reflect the regulation of Gln-synthetase activities in the glia [40] . Therefore, significantly higher Gln concentrations may indicate an upregulation of Gln-synthetase activity, which could cause stress-induced sleep perturbation. Moreover, the significantly higher GABA/Glu ratios (21.1%) in SSP rats suggest that GABAergic activity is excessive while glutamatergic declines in models of sleep perturbation. We suggest that significantly higher Gln concentrations and Gln/Glu, Gln/tCr, and GABA/Glu ratios in SSP rats than those observed in In Vivo and In Vitro Neurobiological Assessment of Stress-Induced Sleep Disturbance in Rats CNTL rats may reflect the hyper-activity of glutamine synthetase and GABAergic receptors in the presence of declining glutamatergic activity. Our primary findings further suggest that GABA, Gln, and Glu signals in the hippocampal region are particularly sensitive and vulnerable to stress-induced sleep perturbation.
Relevance of 5-HT and DA alteration
The results of the present study indicate that 5-HT concentrations were 13.0% lower in SSP rats than in CNTL rats. Although there were no significant differences in DA concentration between the two groups, a scatter plot revealed a positive correlation between DA and 5-HT based on the individual rat data. One major role of 5-HT is regulation of sleep-wake behavior [41] [42] [43] . L-Tryptophan is an essential amino acid, a precursor of 5-HT, and it is also implicated In Vivo and In Vitro Neurobiological Assessment of Stress-Induced Sleep Disturbance in Rats in the regulation of sleep [44] . In addition, the 5-HT precursors L-tryptophan and 5-hydroxytryptophane (5-HTP) have been reported to produce either increased length of total sleep or non-rapid eye movement sleep (NREM sleep) in rats [44, 45] . Importantly, L-tryptophan and 5-HTP both play a functional role in the regulation of the total amount of sleep as well as in the various metabolic pathways involved [45] . Wyatt et al. reported that decreased levels of 5-HT resulted in reduced rapid eye movement sleep (REM sleep) and that increased levels of 5-HT resulted in elevated functioning of 5-HTP, causing an ultimate increase in the amount of REM sleep [46, 47] . Therefore, based on these findings and the results of previous studies, significantly lower 5-HT concentrations in SSP rats than in CNTL rats might reflect a decrease in the rate of serotonin production, possibly due to dysfunctions or impairment in L-tryptophan and 5-HTP systems.
Relationship between in vivo
H MRS and in vitro LC-MS/MS
Two significant neurobiological correlations were obtained from the in vivo and in vitro measurements. Analysis of the correlation results showed that Gln concentrations decreased significantly with increasing DA and 5-HT concentrations in the SSP rats, but not CNTL rats. Previous studies have identified changes in neurobiological concentrations such as elevated Gln [48, 49] and reduced 5-HT and DA [49] [50] [51] [52] in stress-induced models. Taken with these correlations, our results may indicate that Gln, 5-HT, and DA levels could function as key markers of neurological function in the stress-induced sleep disturbed rat brain. However, the influence of stress-induced sleep disturbance on cerebral metabolites and endogenous biomolecules has not been experimentally assessed with in vivo 1 H MRS and in vitro LC-MS/MS, and the literature remains scarce. We cannot provide conclusive evidence in this regard because we did not experimentally assess the two types of in vivo and in vitro relationships, the neurobiological contributions, or the correlation among them in the stress-induced sleep disturbed rat model. Therefore, we conclude that further studies using pathological and neurophysiological assessments of the stress-induced states experienced during sleep disturbance are required to strengthen our conclusive findings and interpret the correlation among the various neurobiological signals.
Limitations
There were some limitations to our methodology. First, as we focused on quantifying the alterations in the neurochemical profile induced by a psychological stressor in the region of the rat hippocampus, we did not assess the electroencephalogram (EEG) and electromyogram (EMG) using previously described surgical methodologies [2] . With regard to the surgical process previously described by Cano et al. [2] , the implanted EMG electrodes (on nuchal) and pedestal sockets (on skull) of the rats may not be adjustable with the phased array coil. Therefore, further studies on stress-induced sleep perturbation using independent groups (for EEG/EMG measurement) are necessary in order to obtain a more quantitative assessment. Second, our study only analyzed metabolic changes in the right dorsal hippocampal region of the rats. Future studies should assess the metabolite changes across various brain regions. Third, several studies have reported that CO 2 gas inhalation during euthanasia might cause hypoxia and hypercapnia, leading to breathlessness and hyperventilation [26, 53] . Future studies should conduct quantitative assessments to determine the hypoxic influence of CO 2 inhalation on the cerebral metabolites with various intake times and concentrations. Fourth, the present study did not measure anxiety-like behaviors or corticosteroid levels for validation of stress levels for considerable reasons: (1) As time was limited in order to obtain the most accurate model for stress-induced sleep disturbance, we chose to forego anxiety-like behavioral testing. We reasoned that obtaining in vivo measurements of neurochemical signals after 5.5 h was most important and that these signals and the sleep disturbed conditions could be affected by additional time delays and experiments. (2) We also reasoned that the animals may experience additional stress if we were to measure corticosteroid levels. Therefore, because we focused on quantifying the insomnia-related neurochemical changes induced by a psychological stressor, we did not conduct anxiety-like behavioral tests or measure corticosteroid levels. Further research is needed to obtain validation of our experimental results for both stress-induced sleep perturbed rats and control rats using various stress-related behavior tests, EEG, and corticosteroid measurement. Finally, the number of experimental rats we used was relatively small and may not provide conclusive evidence. Further studies based on larger populations are needed for a more definitive quantitative characterization of SSP-associated neurobiological responses.
Conclusion
In summary, our study demonstrates that in vivo 1 H MRS and in vitro LC-MS/MS data provide valuable information for interpreting the changes in the concentrations of specific cerebral metabolites and endogenous biomolecules in the hippocampal region of stress-induced, sleepperturbed rats. Compared to the CNTL rats, there were significant alterations and correlations between Gln, GABA, 5-HT, and DA concentrations in the SSP rats. When taken in conjunction with the results of previous studies, our in vivo 1 H MRS and in vitro LC-MS/MS results suggest that the GABA, Gln, 5-HT, and DA concentrations in the hippocampal region are particularly sensitive and vulnerable to stress-induced sleep perturbation. In addition, the present study proposes that the altered and correlated GABA, Gln, 5-HT, and DA concentrations/ratios could be considered key markers of neurological function in animal models of stress-induced sleep perturbation.
Author Contributions
Conceived and designed the experiments: DWL SC DCW. Performed the experiments: DWL CWW HJY SJK STK. Analyzed the data: DWL DHL DCW. Contributed reagents/materials/ analysis tools: HJY SJK KK JKK JSL CGC WHS YC. Wrote the paper: DWL DCW.
